Abstract Management of diabetic patients with heart failure is a complex endeavor. The initial reluctance to use metformin in these patients has given way to a broader acceptance after clinical trials and meta-analyses have revealed that some of the insulin-sensitizing agents lead to adverse cardiovascular events. We have proposed that an increase of substrate uptake by the insulin-resistant heart is detrimental because the heart is already flooded with fuel. In light of this evidence, metformin offers a unique safety profile in the patient with diabetes and heart failure. Our article expands on the use of metformin in patients with heart failure. We propose that the drug targets both the source as well as the destination (in this case the heart) of excess fuel. We consider treatment of diabetic heart failure patients with metformin both safe and effective.
Introduction
Of the estimated 25.8 million people with the diagnosis of type 2 diabetes in the United States, about 30 % will develop heart failure [1] , contributing to the exorbitant cost of diabetes. For example, in 2012 alone, the cost of diagnosed diabetes was $245 billion in total with $176 billion of that being secondary to direct medical costs [2] . Cardiovascular complications accounted for the largest portion of this expenditure. Not surprisingly, the treatment of diabetes in heart failure has received a fair amount of attention recently [3,4,5••] . This prompted us to re-examine the choice of anti-diabetic drugs in patients with compromised cardiac function. Prominent amongst those drugs is metformin, the safety and efficacy of which will be discussed in this article. Our article follows a review on the use of antidiabetic drugs in patients with heart failure in which we proposed that the management of diabetes in heart failure patients should target the source, rather than the destination, of excess fuel [6] .
Congestive Heart Failure and Diabetes
Heart failure has been defined as a "clinical syndrome caused by an abnormality of the heart but recognized by a characteristic pattern of hemodynamic, renal, neural, and hormonal responses" [7] . In this review we prefer to define heart failure as a clinical syndrome that begins and ends with the heart. With that in mind, it seems appropriate to ask the question: Does the metabolic stress of type 2 diabetes mellitus adversely affect structure and function of the heart? Diabetes is a well known risk factor for coronary artery disease and its consequences. However, the relationship of diabetes with heart failure is still not well understood. As early as 1974, investigators from the Framingham study determined that patients with diabetes and coronary artery disease had a significantly increased risk of progressing to heart failure that was not explained by increased atherogenesis or coronary artery disease alone [8] . For example, the risk of progression to heart failure in patients with diabetes in the study was increased four-fold in men, and more than six-fold in women, particularly in patients being treated with insulin, irrespective of other cardiovascular risk factors. Subsequent studies [9] [10] [11] have confirmed this observation, and have been reviewed by us before [12] .
So what do we know? We know that patients with diabetes exhibit cardiac structural changes [13] . Clinical studies have shown that diabetes is associated with concentric left ventricular hypertrophy, increased cardiac mass and mildly reduced systolic function [14] . Histological studies of autopsy and biopsy specimens demonstrate that diabetic humans and animals made diabetic share a constellation of cardiac morphological abnormalities, including myocyte hypertrophy, perivascular fibrosis, and increased quantities of matrix collagen, myocelluar lipid droplets, and cell membrane lipids [15, 16] These morphologic changes, especially when considered together with the changes in myocardial calcium metabolism and contractile protein composition observed in experimental diabetes, are consistent with clinically significant impairment in diastolic compliance [12] , and often also with impaired systolic function [17] . Indeed there is a downregulation of myocyte specific enhancer factor 2C (MEF2C) and MEF2C regulated gene expression in diabetic patients with nonischemic heart failure [18] . MEF2C regulates muscle development and stress response. It is also a regulator of several genes of intracellular Ca 2+ and glucose metabolism. This has given rise to the hypothesis of glucose-regulated changes in gene expression and the involvement of glucose metabolism in isoform switching of sarcomeric proteins characteristic for the fetal gene program [19] .
In addition, over the past few years there has been a lot of study into the relationship between diabetes, and optimal diabetes treatment in heart failure. Recent experience with the use of insulin sensitizing agents in heart failure has revealed that thiazolidinediones worsen cardiac function leading to premature cardiovascular death and disability [4, 20] . Similar observations have previously been made with sulfonylureas, and in some cases, with insulin. In fact, recent studies have shown us that tight control of diabetes in heart failure often involving insulin use, actually had a detrimental effect on mortality, as seen in the ACCORD [21] and NICE-SUGAR [22] studies. In contrast, the long-term use of metformin has not only been safe [5••] , but also mostly favorable, showing improved mortality and morbidity noted in several studies [23,24••] (Fig. 1) .
What could be the reason for this unexpected observation? One would assume that if a serum glucose level within normal limits is an optimal end point, then achieving this milestone would be enough to reverse the increased risks of heart failure seen in diabetes patients. We and others have previously argued that prior randomized studies have used incorrect end points [4, 20] . In addition, systemic insulin resistance is a hallmark of heart failure [25] . Could insulin resistance perhaps serve as a protective mechanism in this condition preventing excess fuel accumulation in peripheral tissues? As observed in a prior meta-analysis [26] and discussed by Khalaf and Taegtmeyer in 2010 [27••] , poor heart function might actually be worsened by an increased supply of fuel. In that case, the presence of insulin sensitizing agents would increase glucose uptake by a heart already flooded with fuel. If this hypothesis holds true, then the presence of heart failure would require the use of agents that decrease the supply of glucose, and not those that increase its utilization by the tissues. One such agent that reduces the supply of glucose is metformin, which both inhibits hepatic gluconeogenesis and glucose production. Indeed metformin reduces mortality in ambulatory patients with diabetes and heart failure [24••], as already mentioned (Fig. 1 ), but metformin also has direct actions on the heart, as will be discussed next.
Pharmacology of Metformin
It is well established that metformin increases the activity of the AMP-dependent protein kinase (AMPK) [28, 29] . The importance of this lies in the fact that activated AMPK stimulates fatty acid oxidation, glucose uptake, and non-oxidative metabolism leading to reduction of lipogenesis and gluconeogenesis which results in decreased rates of hepatic gluconeogenesis, decreased hepatic glucose output, rates of fatty acid oxidation, and lower blood glucose levels [28, 29] . A novel mechanism by which metformin inhibits hepatic gluconeogenesis has been proposed by Birnbaum and his coworkers [30] , which involves the inhibition of adenylate cyclase by AMPK, reducing the effects of glucagon on cAMP and Fig. 1 Kaplan-Meier curves and metformin treatment in a propensity score-matched, national cohort of 6185 patients with heart failure and diabetes treated in ambulatory clinics at Veterans Administration medical centers. In this cohort, 561 patients were treated with metformin. Metformin treatment was associated with lower rates of mortality. Probability value=0.01 (log-rank). From Aguilar et al. [24••] , with permission from the authors and publisher protein kinase A (PKA) and thus reducing the ability of PKA to promote gluconeogenesis. Treatment of mice with metformin mimics the benefits of calorie restriction and improves physical performance and lifespan in mice [31] .
Since 2009, experiments in animals have shown that metformin can also attenuate both ischemia-reperfusion injury and the process of remodeling and the development of heart failure [32,33,34•] . In a recent study [32] , it was demonstrated that reperfusion is not needed for the beneficial effects of metformin on myocardial remodeling. Several different mechanisms may contribute to this protective effect. As mentioned above, metformin activates the enzyme 5`AMP-activated kinase (AMPK), and it also activates eNOS, and peroxisome proliferator-activated receptor-g coactivator-(PGC) 1a, which is a regulator of cellular energy substrate metabolism. Metformin also reduces the collagen expression that occurs after coronary artery ligation [34•] . In addition, despite the fact that metformin inhibits complex 1 of the mitochondrial respiratory chain, treatment with metformin appears to attenuate the mitochondrial dysfunction in the failing myocardium [35] . In addition to direct effects of metformin on the heart muscle, metformin also decreases plasma insulin concentration, while further contributing to a correction of the dysregulated metabolic state. Recent observations have shown that insulin signaling can promote cardiac remodeling [20, 36] . This effect of limitation of myocardial fibrosis by metformin was also reported in experimental heart failure models induced by rapid pacing [33] , and pressure overload [34•] . In both studies, the myocardial expression of the profibrotic cytokine transforming growth factor (TGF)-b1 was reduced by metformin. Interestingly, these inhibitory effects on collagen synthesis were independent from AMPK activation.
However, the main action of metformin in the heart itself is its role as activator of AMPK. AMPK also plays a pivotal role in preserving myocardial viability during myocardial infarction. Immediately after the onset of myocardial ischemia, AMPK is phosphorylated, and remains active for more than 24 h following reperfusion [37] . By increasing flux through the pathways of ATP synthesis and by decreasing ATP utilization, AMPK contributes to maintain normal cellular energy stores during ischemia. Studies in transgenic mice with AMPK deficiency have shown variable results: AMPK activation during myocardial ischemia and reperfusion may be crucial to prevent apoptosis and functional decline [38] . Therefore, administration of a single dose of metformin can potently reduce myocardial infarct size by activation of multiple, and probably parallel, intracellular pathways. These include activation of AMPK and eNOS, and increased adenosine receptor stimulation. In addition, the activation of several kinases of the reperfusion injury salvage kinase (RISK) pathway, result in the prevention of mitochondrial permeability transition pore (MPTP) opening at reperfusion [39] .
The observations that metformin can effectively prevent reperfusion injury implies that it can limit infarct size in patients suffering an acute myocardial infarction even when given at the time of the reperfusion therapy. However, infarct size per se is not the only predictor of the long-term morbidity and mortality in patients with a myocardial infarction [40, 41] . Following ischemia-reperfusion injury, a complex cascade of events occurs both in the ischemic and non-ischemic parts of the heart, so called " remodeling" which includes inflammation, fibrosis, ventricular wall thinning and dilation [42] . Remodeling will induce clinically overt heart failure in a significant number of post-infarction patients. In addition, remodeling does not only occur in the setting of ischemiareperfusion injury, but also in patients with cardiac volume overload, for example, due to valvular disease, and pressure overload such as in hypertension. An increased susceptibility to ischemia and reperfusion injury has been observed in hearts from old rats with diabetes, most likely as a consequence of impaired Akt signaling due to chronic Akt activation [43] . Therefore, therapies that limit ischemia-reperfusion injury and prevent post-infarction remodeling are needed, in particular in patients with diabetes. Could metformin be that therapy? Our work on glucose regulation of load induced mTOR signaling and the endoplasmic reticulum stress response has shown that metformin reduces glucose 6-phosphate levels through tight coupling of glucose uptake and oxidation by the heart [44••] . Metformin also improves cardiac efficiency through reducing ER stress, and, presumably, rates of myocardial protein turnover [44••] .
Meformin and Heart Failure: The Big Picture As mentioned, metformin has several modes of action. Although metformin increases peripheral sensitivity to insulin, its main action is to decrease gluconeogenesis in the liver. It therefore serves two roles: decreasing glucose synthesis as well as, to a lesser extent, increasing glucose utilization. Prescribed in the United States for over 20 years (and averaging up to 48 million prescriptions a year), metformin has long been one of the most popular and effective medications for the type 2 diabetic. Its present role in patients with heart failure could not have been foreseen owing to the relationship of its precursor, phenformin, and the unfortunate observation that showed increased incidence of fatal lactic acidosis at therapeutic doses in patients with diabetes [45, 46] . Due to this effect, the FDA delayed approval for use of metformin patients with type 2 diabetes. When approval was finally granted in 1995, it was done with the condition that package inserts include strong warnings of the potential risks. When initial reports revealed that the risk of lactic acidosis was worse in patients with renal insufficiency and heart failure, these two conditions were included as contraindications to use [47, 48] . As a result, most studies of metformin use in the United States prior to 2007 saw no patients with heart failure. However, somehow the medical community chose to ignore these recommendations, and a host of observational studies were able to revisit this treatment recommendation to show that, at least in patients with heart failure and diabetes mellitus, treatment with metformin results in improved mortality, regardless of renal status [24••,35] . Most recently, Eurich et al. performed a meta-analysis of studies performed in 2010 to evaluate just this question [49] . Based on studies done on a total of 34,000 patients, the totality of evidence pointed to the use of metformin as the treatment of choice for patients with diabetes and heart failure. Also in 2010 in the widely acclaimed "Cochrane Review" a comprehensive search was performed of electronic data bases to identify studies of metformin treatment [50] . There was no evidence that metformin was associated with increased risk of lactic acidosis.
In addition to its effects in patients with heart failure, metformin also has some positive effects on ameliorating insulin resistance. Cittadini et al. [51• ] studied genetically modified insulin resistant rats which showed decreased evidence of left ventricular remodeling when treated with metformin. A small study evaluating the effect of metformin on insulin resistant adults with heart failure during exercise also showed that metformin improved the insulin resistance measured, and increased the VE/VCO 2 slope (the ratio of minute ventilation to carbon dioxide production), but had no impact on max VO 2 [52] . Most certainly, further investigation is needed.
Conclusions
The drivers of cardiac failure are three distinct factors: hemodynamic stress, neuro-humoral stress, and metabolic stress, including disorders of fuel metabolism associated with insulin resistance [53] . While modern treatment of heart failure, by use of beta-blockers, ACE inhibitors/ARBs, and diuretics, have successfully countered the neuro-humoral axis [54] , metabolic stress has been largely ignored until recently [55] . Metformin ameliorates metabolic stress on the heart by reducing blood glucose levels using two different modes of action: reduced gluconeogenesis and enhanced glucose uptake with the tight coupling to oxidation by the peripheral tissues. We propose that counteracting metabolic stress with an agent such as metformin is of equal importance for reversal of cardiac dysfunction as counteracting neuro-humoral stress. To answer the title's question: Treatment of diabetic heart failure patients with metformin can be regarded as safe and effective. Whether this treatment strategy should be limited to those with frank diabetes, or could also be expanded for use in all patients who exhibit signs of insulin resistance would be an interesting subject for further study.
